Total right heart function requires normal function of both the right ventricle and the right atrium. However, the degree to which right atrial (RA) function and right ventricular (RV) function each contribute to total right heart function has not been quantified. In this study, we aimed to quantify the contribution of RA function to total right heart function in a group of pulmonary arterial hypertension (PAH) patients compared to a cohort of normal controls without cardiovascular disease. The normal cohort comprised 35 subjects with normal clinical echocardiograms, while the PAH cohort included 37 patients, of whom 31 had echocardiograms before and after initiation of PAH-specific therapy. Total right heart function was measured via tricuspid annular plane excursion (TAPSE). TAPSE was broken down into two components, the excursion occurring during RA contraction (TAPSE RA ) and that occurring before RA contraction (TAPSE RV ). RA fractional area change (RA-FAC) was also compared between the two groups. In the PAH cohort, more than half of the total TAPSE occurred during atrial systole, compared to less than one-third in the normal cohort (51.0% vs. 32.1%; P < 0.0001). There was a significant correlation between RA-FAC and TAPSE in the PAH cohort but not in the normal cohort. TAPSE improved significantly in the posttreatment cohort (1.7 vs. 2.1 cm), but TAPSE RA continued to account for about half of the total TAPSE after treatment. RA function accounts for a significantly greater proportion of total right heart function in patients with PAH than in normal subjects.
Pulmonary arterial hypertension (PAH) is characterized by marked increases in right ventricular (RV) afterload, which if left untreated leads to progressive RV dysfunction, exercise intolerance, and potentially death. [1] [2] [3] As recently emphasized by the International Right Heart Foundation Working Group, the right ventricle (also RV) is only one part of the total right heart system, and the other components, including the right atrium (RA), contribute importantly to total right heart function. 4 It has been recognized that in the setting of RV failure, preserved right atrial (also RA) function is essential to maintain adequate total right heart function. After RV infarction, for example, preserved RA function has been shown to improve RV filling and performance, whereas diminished RA function compromises cardiac output. 5, 6 Loss of atrial function, in the form of supraventricular arrhythmias with resulting atrioventricular dyssynchrony, is also known to be poorly tolerated among patients with PAH and chronic thromboembolic pulmonary hypertension (CTEPH). 7, 8 Moreover, animal models have shown that RA systolic function is, in fact, augmented in the setting of RV ischemia and that if there is a subsequent ischemic insult to the RA, RV function is significantly reduced. 7 Taken together, these studies suggest that RA function must not only be maintained but at times augmented, in order to optimize total right heart function in the setting of RV compromise.
Given the importance of right heart function in patients with PAH, we sought to determine the relative contributions of both RA systolic function and RV systolic function to total right heart function in a cohort of patients with PAH and a cohort of normal subjects. We also studied how PAH-specific therapy affected the RA and RV components of right heart function.
METHODS

Subject selection
Normal subjects. All clinically indicated echocardiograms obtained at the Hospital of the University of Pennsylvania over a 2-month period in 2006 were screened. Those deemed normal by the clinical reviewer were selected and analyzed retrospectively by the research investigator. Inclusion criteria were designed to capture normal adult echocardiograms and have been described by our group. 9 PAH patients. Patients with World Health Organization group I pulmonary hypertension (PH), PAH, were identified through the Pulmonary Hypertension Clinic at the Hospital of the University of Pennsylvania. The diagnosis of PAH was made in the standard manner, with invasive hemodynamic evidence of PAH in the absence of chronic left-sided heart disease, valvular disease, respiratory disease, or prior pulmonary emboli. 1 Those patients aged 18 years or older with clinically indicated echocardiograms obtained before the initiation of PAH-specific therapy were included. The post-PAH-specific therapy analysis was performed on a subset of these patients who were followed at the University of Pennsylvania after initiation of therapy. Patients with abnormal left ventricular (LV) function or whose images were technically inadequate were excluded. Patients in our PAH clinic were reviewed over the time period of January 2007-February 2012. Our research protocol was reviewed and approved by the University of Pennsylvania's institutional review board (protocol 812254).
Echocardiographic techniques
All studies were digitized and analyzed with the use of a commercially available off-line quantification system (Kinet Dx WS3000, ver. 4.2.0, Siemens Medical Solutions USA, Mountain View, CA; and Prosolv Cardiovascular, ver. 4.0.1, Fuji Film USA, Indianapolis). Atrial and ventricular size, valvular anatomy and function, and LV systolic and diastolic function were measured in the standard fashion. 10 Doppler-estimated stroke volume was calculated in both cohorts from the velocity time integral (VTI) of flow through the LV outflow tract (LVOT) and the diameter of the LVOT, with the following standard formula: stroke volume Doppler = VTI LVOT × diameter of LVOT × 0.785. 11
Right-sided heart quantitation
Tricuspid annular plane excursion (TAPSE) was measured in real time by passing an M-mode cursor through the lateral portion of the tricuspid annulus in the apical 4-chamber view over 2-3 cardiac cycles. Off-line, the brightness was adjusted to maximize the contrast between the M-mode signal arising from the tricuspid annulus and the background. TAPSE was measured with digital calipers as the total displacement (base to apex) of the tricuspid valve annulus from end-diastole to end-systole, with values representing the average of 2-3 measurements.
To evaluate the contribution of RA systole to total right heart function, we examined the longitudinal motion of the right heart at the level of the tricuspid valve annulus via M-mode. As shown in Figure 1 , there are two distinct phases of right heart motion. TAPSE RA (the proportion of TAPSE owed to RA contraction alone) and TAPSE RV (the RV displacement occurring without the influence of RA contraction) were compared between the PAH and normal cohorts, as well as between the pre-and posttreatment groups.
RA area and RA volume measurements were performed at three points in the cardiac cycle: (1) end-ventricular systole, corresponding to early atrial diastole, was identified as the frame just before tricuspid valve opening; (2) mid-diastole, identified as the frame before the p-wave and atrial contraction; and (3) end-ventricular diastole, corresponding to end-atrial systole and identified as the point before the QRS complex and ventricular contraction. These three points in diastole were labeled RAmax (maximum RA volume in the cycle), RAp (RA volume before RA systole), and RAmin (minimum RA volume in the cycle), respectively, as described previously. 12 RA area and volume measurements were made in the apical 4-chamber view with digital calipers, by digitally tracing the RA endocardium (defined as the border between the echocardiographic signal of the RA endocardium [white] and the RV cavity [black]) at the corresponding points in 2 consecutive cardiac cycles (see Fig. 2 ) and averaging the values. Calculation of RA frac- tional area change (RA-FAC) was made in the standard manner. RA volumes were estimated at the corresponding points in the cardiac cycle by the method of disks, and from the RA volumes we derived RA ejection fraction (RA-EF). Active RA emptying volume was defined as RAp − RAmin, and passive RA emptying volume as RAmax − RAp. We also examined the amount of total cardiac output accounted for by active RA emptying in the two groups. By dividing the active RA emptying volume by total cardiac stroke volume, we sought to estimate the percentage of stroke volume accounted for by active RA emptying in a given cardiac cycle.
Statistical analysis
Continuous variables were summarized as mean ± SD or median (interquartile range) where appropriate. Differences were detected by a 2-tailed, unpaired Student t test for data between groups and by paired t testing for data within groups before and after PHspecific therapy. A P value of <0.05 was considered significant. Correlations between variables of interest were determined by linear regression. All continuous data reported here were normally distributed.
RESULTS
We identified 35 subjects with normal echocardiograms and 37 patients with PAH whose baseline echocardiograms met the criteria for inclusion in this study. Thirty-one of the PAH patients had baseline and follow-up echocardiograms after initiation of PH therapy and thus formed the pre-and post-PH therapy cohort. The causes of PAH included connective-tissue disease (scleroderma in 9 patients, lupus in 2 patients), idiopathic PAH (18 patients), portopulmonary hypertension (3 patients), atrial septal defect-related disease (2 patients), HIV (1 patient), and inoperable CTEPH (2 patients).
The baseline differences in age, sex, heart rate, right heart function, left atrial size, and LV-EF between normal and PAH cohorts are summarized in Table 1 . TAPSE was significantly lower in the PAH cohort, accounted for primarily by a 50% lower TAPSE RV in the PAH cohort. Notably, the absolute TAPSE RA contribution in normal subjects and PAH subjects was equivalent (0.8 vs. 0.9 cm, P = 0.31). As illustrated in Figure 3 , TAPSE RA accounted for roughly 50% of total TAPSE in the PAH group but significantly less in the normal group. The median TAPSE in our PAH cohort was 1.6 cm, and the contribution of TAPSE RA to total TAPSE was equal (50%) in the groups falling above (TAPSE RA = 1.0 cm, TAPSE RV = 1.0 cm) and below (TAPSE RA = 0.7 cm, TAPSE RV = 0.7 cm) the median. Figure 2 . Four-chamber views of a representative echocardiogram in a normal subject. In end-systole (A), the right atrium (RA) is at its largest volume, and the right ventricle (RV) is at its smallest volume. During early diastole (B), the tricuspid valve opens, and the right atrium has emptied a significant amount of its volume. At end-diastole (C ), the atria are contracting, and the tricuspid annulus is being pulled further toward the right atrium, resulting in additional volume displacement from the right atrium. LA: left atrium; LV: left ventricle.
As expected, the RAmax and RAmin were significantly larger in the PAH cohort than in the normal cohort, resulting in a significantly lower RA-EF in the PAH cohort. In the PAH cohort, passive emptying accounted for only 35% of the total RA emptying, while active emptying made up 65% of total RA emptying. In contrast, passive emptying accounted for 60% of the total RA emptying in the normal cohort. The active RA emptying in the PAH group also played a much greater role in contributing to cardiac output, as shown in Figure 4 .
In the PAH cohort, RA function, as indicated by RA-FAC, showed a significant direct correlation with TAPSE (r = 0.64, P < 0.001). However, RA-FAC was not significantly associated with total right heart function in the normal cohort (r = 0.05, P = 0.76).
Of the 37 patients evaluated in the PAH cohort, 31 had adequate follow-up imaging after initiation of PAH-specific therapy. The most common therapy was an oral phosphodiesterase type 5 inhibitor (80%) and/or endothelin receptor antagonist (65%). Additional therapies included inhaled iloprost (32%) and parenteral prostacyclins (4%). On average, the patients were evaluated 334 days after initiation of PAH-specific therapy. As seen in Table 2 , TAPSE and its RA and RV components were significantly increased in the posttreatment group.
DISCUSSION
TAPSE is a measure of longitudinal right heart function, representing the displacement of the RV from base to apex during systole. TAPSE has been shown to predict morbidity and mortality in patients with PAH and has become a recommended method for measuring the efficacy of PH medical therapy in PAH. 11, 13, 14 Previous work has shown that longitudinal RV shortening accounts for approximately 80% of global RV function in normal subjects and that longitudinal function represents the afterload-responsive element of right heart function in subjects with PAH treated with PH medical therapy. 9 Until now, TAPSE has been thought of as a method specific to RV function, with the direct or indirect role of RA function not known. In this study, our data show that in normal subjects, RA function accounts for approximately 32% of tricuspid annular dis- Note: Except in the first row, data are presented as mean ± SD. LA: left atrial; LV-EF: left ventricular ejection fraction; PAH: pulmonary arterial hypertension; RA: right atrial; RA-EF: RA ejection fraction; RA-FAC: RA fractional area change; RAmax: maximum RA volume in the cardiac cycle; RAmin: minimum RA volume in the cardiac cycle; RAp: RA volume before RA systole; TAPSE: tricuspid annular plane excursion; TAPSE RA : TAPSE during RA contraction; TAPSE RV : TAPSE before RA contraction; TR: tricuspid regurgitation. placement, or TAPSE. RA systolic function, or atrial "kick," serves to increase the distance between the RV base and the RV apex at end-diastole-thereby increasing the potential contraction length of the RV once systole begins. This is evident on an M-mode tracing of TAPSE as a "dip" in the M-mode signal at end-diastole, producing a rapid and significant increase in the distance between the RV base and apex (Fig. 1) .
In the PAH patients, RA function accounted for an impressive 51% of TAPSE. The contribution of RA function to total TAPSE was similar in patients with preserved TAPSE and those with diminished TAPSE. In the overall PAH cohort, our data indicate that the mean TAPSE value of our PAH patients in the absence of RA systolic function would have been as low as 0.8 cm, instead of 1.7 cm. In relative terms, this is a marked difference in TAPSE and well below the cutoff of 1.5 cm that has been shown to be predictive of very high mortality rates in subjects with PAH. 11, 15 Compare this to the result from the normal cohort, who on average had an annular excursion of 1.7 cm without atrial contraction (TAPSE RV )-equal to the total TAPSE in the PAH group. This difference helps to characterize and quantify the importance of maintained RA function to total right heart function in patients with PAH.
Additional analysis was performed to further characterize the increased dependence on RA function in the PAH group. As has been shown previously, 12 the majority of RA emptying occurred during RA systole in the PAH group, whereas in the normal group most of the RA emptying occurred passively, before RA systole. Active RA emptying accounted for a much (nearly 3-fold) larger percentage of the total cardiac stroke volume, and therefore cardiac output, in the PAH group than in normals. Finally, there was a significant correlation between the RA-FAC and total TAPSE in the PAH group, but not in the normals.
These data clearly show the critical role of RA systolic function in terms of right heart function preservation and compensation, particularly in the setting of PAH. This observation provides quan-titative imaging evidence and physiologic rationale for why atrial arrhythmias are so poorly tolerated in the setting of significant PH. 5, 16, 17 In addition, these findings lend to prior work showing that increased RA size is a powerful predictor of mortality in PAH and suggest that increased RA size may be more than simply a marker of RV dysfunction. [18] [19] [20] Instead, increased RA size may speak to RA dysfunction and a greater burden of total right heart dysfunction seen in those with an enlarged RA. Future work should specifically assess RA and RV systolic function in PAH patients, both with and without normal sinus rhythm, to gain further insight into the importance of each chamber leading to right heart failure.
These data also support prior work showing that TAPSE does indeed increase in response to PH medical therapy. 9 However, we did find it interesting that the increase in TAPSE observed in our cohort was accounted for by significant and balanced increases in both TAPSE RA and TAPSE RV . Thus, at least in terms of longitudinal right heart function assessment, both RA and RV function improve in response to PH-specific therapy.
Limitations
Our retrospective study has several limitations. The measurement of the RA systolic contribution to TAPSE occurs at end-diastole, so it does not directly affect systolic excursion of the tricuspid annular plane. However, since the total displacement of the right heart in systole is in part dictated by the distance between the RV base and apex at the onset of systole, it is reasonable to assume that the loss of this contribution would negatively affect right heart function. TAPSE was used in this study, as opposed to another method of global RV function such as RV-FAC or RV-EF, because TAPSE is a reliable, reproducible, and well-validated method of right heart function in PAH that is strongly linked to patient outcomes and correlates well with invasively derived stroke volume index and cardiac index in patients with PH. 11, 15, 21, 22 In addition, M-mode tracings of TAPSE clearly show the delineation between atrial and nonatrial events due to the high temporal resolution inherent to M-mode. RV strain analysis is another emerging modality to evaluate right heart function in PAH, and it has been shown to predict clinical outcome and response to therapy in this cohort. [23] [24] [25] Future work may incorporate RV strain analysis to further establish the role of RA function in PAH.
Conclusions
RA function accounts for a significantly greater proportion of total right heart function in patients with PAH than in normal subjects. A balanced improvement in RA and RV function was observed after PH-specific medical therapy. These findings support the importance of RA function in PAH and shed further insight into how the right heart adapts in the presence of changing afterload. 
